HIH RELAIS Document Delivery

NIH-10286730

JEFFDUYN

NIH -- W1l MA34IF
JOZEF DUYHN
10 Center Dirve
Bldg. 10-BEm.1L07
Bethesda, MD 20892-1150
ATTH: SUBMITTED: 2002-08-29 17:22:17
PHOWE: 301-594-7305 PRINTED: 2002-09-03 07:32:46
Fax: - REQUEST MNO. :NIH-10286730
E-MAIL: SENT WIA: LOAN DOC

7967415
NTH Fiche to Paper Journal
TITLE: MAGNETIC RESOWANCE IW MEDICINE : OFFICIAL JOURWAL OF THE

SOCIETY OF MAGWETIC RESOWANCE IW MEDICINE .~ SOCIETY OF
MAGNETIC RESONANCE IN MEDICINE
PUBLISHER-FPLACE : Wileyv-Liss, Inc., a division of John Wil HNew York, NY
VOLUME-ISSUE-PAGES: 1996 Mar:35(3):356-63 356-63
DATE: 1996
AUTHOR OF ARTICLE: Scher BJ: wan Z1j1 PC; Duyn JH; Barker PB
TITLE 0OF ARTICLE: Quantitative proton MR spectroscopic imaging of th
IZSH: 0740-3194
OTHER HOS-LETTERS: Library reports holding volume or yvear

8505245
8699947
SOURCE : PubMed
CALL HIIMBER: W1l MAI4IF
REEQUESTER INFO: JEFFDUYH
DELIVERY : E-mail: jhd@heliz.nih.gov
REPLY: Mail:

NOTICE: THIS MATERIAL MAY BE PROTECTED BY COPYRIGHT Law (TITLE 17, U.S.
CODE)

----Haticnal-Institutes-of-Health,-Bethesda,-MD------——----------"--------————



Human Brain

Brian J. Soher, Peter C.M. van Zijl, jeffrey H. Duyn, Peter B. Barker

Muitislice proton MR spectroscopic images (Si) of the brain
were quantitated, using the phantom replacement technique.
In 16 normal volunteers, ranging in age from 5 to 74 years,
average “whole brain” concentrations of choline {Cho), crea-
tine (Cr), and N-acetylaspartate (NAA) were found to be 2.4 +
0.4,7.9 + 1.3, and 11.8 = 1.0 {mM, mean = SD), respectively,
These values are in good general agreement with those pre-
viously determined by single-voxel localization techniques.
Cortical gray matter was found to have lower Cho and NAA
levels, compared to those of white matler, corpus callosum,
and basai ganglia. Cho was also found to increase signifi-
cantly with age in several locations. Quantitative multislice
proton Sl is feasible in the clinical environment, and regional
and age-dependent variations occur that must be accounted
for when evaluating spectra from pathologicat conditions.

Key words: proton MR speciroscopy; Quantitation.

INTRODUCTION

Quantitation remains an important issue in clinical pro-
ton spectroscopy of the human brain. The common pragc-
tice of measuring metaholite ratios, although in some
cases providing a sensitive index of pathological changes
(for instance, when twg metabolites change in oppaosite
directions), may be misleading or even he normal if par-
allel changes occur in all metabolite levels simulta-
neously. Similarly, comparisons to contralateral brain
regions (which are assumed to be metabolically normal)
may not be possible in many cases in which patients
have either bilateral or global metabolic defects. There-
fore, it is important to develop a simple and robust ah-
solute quantitation scheme for clinical spectroscopy. In
addition, normal variations in metabolite concentration
must be known before the significance of pathological
change can be assessed.

Metabolite levels and peak assignments in proton brain
spectra have been studjed extensively, using single-voxel
spatial localization techniques, and there is now a gen-
eral consensus toncerning peak assignments and metab-
olite concentrations of the major resonances in the in
Vivo proton spectrum (1-8). However, single-voxel local-
ization techniques have g number of limitations ip the
context of clinical spectroscopy; voxel sizes are often
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relatively large, and no information is available concern-
ing spatial distribution op extent of metabolic abnormg).
ities. In contrast, Spectroscopic imaging (SI) (9-12) hasg
significant advantages in terms of spatial resolution, of.
ticiency of data collection, and mapping the distributioy
of cerebral metabolite levels. Despite these advantagps,
there have been few reports of quantitative proton SI of
the human brain (13, 14), mainly because many of the
quantitation techniques used in single-voxel localization
methods are difficult to adapt to SI. For instance, it may
take a prohibitively long time to record a water SI data spt
for use as ap internal reference (3), and externa] stan-
dards may lie beyond the region excited by the pulse
sequence (e.g., STEAM or PRESS (15)}, or in the region
affected by outer volume saturation pulses, which may
be used for lipid suppression (11).

This article presents the quantitative results of a m -
tislice spectroscopic Imaging study, using an adaptation
of the phantom replacement method (7, 16). This method
has the advantage that no additional patient scan time is
required above the normal clinical 81 examination, and it
can be used in conjunction with any spatial localization
pulse sequence. Ten fepresentative regions were chosen
for quantitative analysis, and metabolite levelg were ex-
amined for correlations with patient age and spatial
location.

METHODS
Volunteer Population and MR Techniques

Eleven male and five female volunteers (age range 5-74
years, 39 + 20 yearg {mean ~+ 5SD)), free of any known
neuropathological condition, were studied in 4 standard
GE 1.5-Tesla MR scanner (General Electric Medical Sys-
tems, Milwaukee, WI), using a combined MR and spec-
troscopic imaging protocol. All studies used the standard
GE quadrature birdcage head coil. MRI consisted of a
routine brain examination, namely, sagittal T)-weighted
images (5 mm thick, TR = @25 ms, TE = 20 ms) and
oblique axial double-echo spin density and T,-weightad
(5 mm thick, TR = 3000 ms, TE = 31 and 100 ms).
Spectroscopic imaging was performed, using a multislice
spin-echo sequence with outer volume suppression (11).
Four oblique slices were recorded with a 15 mm thick-
ness and a gap of 2.5 mm. The TH was 2300 ms and TE
272 ms. A 32 X 32 circular phase~encoding scheme re-
sulled in a total data acquisition time of 30 min (1
“NEX”). The field of view was 24 em, giving a nominal
voxel size of 15 x 8 x g mm (=~ 0.8 cm?). The full echo
signal was digitized with 256 datq points and a spectral
width of 1000 Hz. Water Suppression was accomplishod
with a single chemical shift selective pulse (17, 18) with
a bandwidth of 110 Hg, Extracranial lipid signals were
attenuated by the use of eight outer volume saturation
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uantitative Proton Spectroscopic Imaging

ulses, arranged in an octagonal pattern in an attempt to
natch the contours of the skull. T,-weighted MR images
5 um thick, TR = 400 ms, TE = 20 ms) were recorded
the same slice locations as the SI data set for anatom-
:al correlation. A final set of double-gradient-echo im-
ses (45° flip angle, TR = 250 ms, TE = 10 and 20 ms, 1
EX, 128 X 256) were also recorded at the same slice
cations to calculate maps of the B, magnetic field
rength. The complete examination lasted for 1 h.

All oblique MR and SIs were performed in a plane
arallel to the anterior comunissure-posterior commis-
ure line, identified from the midline sagittal localizer
age. The four SI slices were chosen so that the most
audal slice was at the level of the third ventricle,
ightly above the tentorium; usually, the second slice
cluded the lateral ventricles, the third slice occurred at
¢ centrum semiovale, and the top slice contained
ainly cortical gray matter (Fig. 1A).

A 4.6-liter phantom consisting of 20 mM creatine (Cr),
6% sodium chloride, and lightly doped with nickel
hloride was studied, using the same SImethodology, for
iantitation purposes. Phantom relaxation time mea-
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FIG. 1. (A) T,-weighted localizer images, showing slice locations
spectroscopic images, and (B) B, field maps reconstructed
m the double-echo gradient-echo sequence. The gray scale
rresponds to a frequency range of -50 Hz (black) to 4-50 Hz
hite). Note poor field homogeneity in the anterior region of the
ost caudal slice (arrows), due fo the magnetic susceptibility
ect of the air-tissue interface of the sphenoid sinus. (C) Regions
Of interest chosen for quantitative spectral analysis. WM, white
Matter; GM, gray matter.

surements (7',/T,) were made by varying TR and TE and
fitting the resulting data to the equation

S = Sgx exp(=TE/Ty) + (1 — exp(~TR/T})) [1]

In vivo metabolite relaxation times were taken from a
previous study of 10 normal volunteers (3), and the fol-
lowing values were used: Cho: T, = 1.2, T, = .36 s; Cr:
T, =1.6s T, = 0218 NAA: T, = 1.58 T, = 0.43 s.

Quantitation Methodology and Data Analysis

Spectroscopic images of choline (Cho), Cr, and NAA
were reconstructed, using 3-dimensional Fourier trans-
formation. Before Fourier transformation, a cosine filter
was applied in the spatial dimensions, and an exponen-
tial line broadening of 3 Hz, zero-filling to 2048 data
points, and a high-pass convolution filter to remove the
residual water signal (60-Hz stop band (19)) were applied
in the time domain. A frequency correction was also
applied, based on the field maps calculated from the
gradient-echo scans. Metabolite images were calculated
by integration of magnitude peak areas (integration range
0.2 ppm), followed by linear interpolation from the orig-
inal 32 X 32 matrix size to 256 X 256 points. No base-line
correction was needed, because the long-echo-time spin-
echo spectra have very flat baselines.

Ten brain regions were chosen for quantitative analy-
sis, namely, forceps major, thalamus, the splenium and
genu of the corpus callosum, putamen, forceps minor,
frontal lobe white matter, centrum semiovale, posterior
white matter, and frontoparietal gray matter (Fig. 1C).
Inasmuch as it has recently been shown that no left-right
asymmetries occur in metabolite levels in normal human
brain, voxels were chosen arbitrarily on the left or cight
(20}, depending on which side gave a better registration
between the spectroscopic region of interest (SI grid) and
the anatomical structure under investigation. Magnitude
spectra from each of these regions (and the phantom)
were analyzed in the frequency domain, using a Nelder-
Mead simplex algorithm (“Numerical Recipes,” (21)).
The experimental data were assumed to be of the form

N
flw)= > Alo — ») ® sinc((o ~ w)/P) [2]
i=1

where A(w) is the Lorentzian “absorption” lineshape

A
A(_(/)) = m [3]
and P is the inverse of the data acquisition time. Three

resonances were fitted (N = 3), corresponding to the
signals from Cho, Cr, and NAA, respectively. This func-
tion (Eq. [2]) reflects the experimental lineshape, which
was a convolution of a Lorentzian with a sinc function,
because the multislice protocol did not allow sufficiently
long data acquisition times to record the full NMR signal
without truncation.

In vivo metabolite concentrations [M] (millimolar)
were calculated from:

5,(M)
IM]=[P] *,

5,(P) (41
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where [P] is the phantom concentration (millimolar) and
S, (M) and S, (P) are the corrected signals from each
voxel of the metabolite and phantom metabolite images,
respectively. S, was calculated as follows: the signals
were corrected for (1) T, and T, relaxation effects, using
Eq. (1], (2) the differential receiver gain used between
phantom and human studies, (3) coil loading based on
the RF power required to achieve a 90° pulse (see below),
and (4) variable degrees of truncation of the NMR signal
(because the phantom and metabolites have different T,
relaxation times).

Variable truncation effects were eliminated in the
quantitative analysis by applying a variable exponential
filter in the time domain (symmetrically around the full-
echo signal) so that, after Fourier transformation, all res-
onances {both in vivo and in the phantom) had exactly
the same linewidth (i.e., therefore, the same degree of
truncation in the time domain).

Loading correction was hased on the difference be-
tween the RF power required to achieve a 90° pulse (22)
in the brain compared with that in the phantom (differ-
ence = A, measured in decibels). The corrected signal
was calculated, using the relationship

S(an‘l‘ = Suncorr * 10Afzo [5]

An additional check of receiver gain stability and the RF
coil loading correction was performed by measurement
of the background noise level in the spectroscopic im-
ages. A rtegion of noise was measured (100-Hz band-
width) well downfield from the water resonance, where
no signals are expected, but at least 200 Hz away from the
edge of the spectrum to avoid possible attenuation effects
of the audiofrequency filters. The noise measurement
was made in selected voxels outside of the brain, where
minimal phase noise would be expected. Minimal vari-
ations are expected in the background noise level, pro-
vided that the spectrometer has good long-term stability
and that inter-subject variations in coil loading are small
(22).

To check the accuracy of the correction procedures
described above, a set of five phantoms of different ionic
strength were prepared; each phantom consisted of 4.6
liters of water, 0.15 to 2.40% by weight being sodium
chloride. The water signal, RF noise, and transmitter
power required to achieve a 90° pulse were measured in
each phantom.

Statistical analysis was performed, using the program
“Statview 4.0” (Abacus Concepts Inc, Berkeley, CA).
Mean and standard deviation metabolite concentrations
were calculated for each brain region. Differences in me-
tabolite levels between different brain regions were ex-
amined, using unpaired two-tailed Student’s ftest. Me-
tabolite levels were also examined for correlation with
volunteer age, using linear regression. The level of sig-
nificance was set at P < 0.05.

RESULTS

All MR images were considered to be normal, with the
older subjects showing typical changes such as mild
cortical atrophy, ventricular and sulcal widening as ex-
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pected. None of the volunteers had any white matter
hyperintensities on T, images. Spectroscopic images of
the 20 mM Cr phantom exhibited uniform image inten-
sity throughout the sample, indicative of good B, (and
B,) field homogeneity. Less than 4% signal variation was
noted across the volume of the phantom. In humans, B
homogeneity was a significant problem in the anterior
regions of the most caudal slice, due to the susceptibility
effect of the air-tissue interface in the sphenoid sinus,
This can be most readily visualized in the field map of
Fig. 1B. Phantom Cr T, and T), values were 1.12 and 0.61
s, respectively.

Results from the coil loading analysis are shown in Fig,
2. Transmitter power, noise, and signal amplitudes are
plotted as a function of the ionic strength of the sample.
Fig. 3 shows Cho, NAA, and lactate spectroscopic images
from one subject and representative spectra from selected
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FIG. 2. (A) Transmitter gain required for a 90° pulse, signal am:
plitude, and average peak-to-peak noise amplitude for five wat

samples containing different concentrations of sodium chloride.
Note the increasing transmitter power and decreased signal am:
plitude with increased ionic strength. Noise amplitude decreases
only slightly. (B) Signal amplitude plotted against the inverse cor
rection factor 10°2°, showing reasonably good inverse linear cof*
relation. Dashed lines indicate range of typical human RF ¢!
loading conditions.




Soher et a]; Quantitative Proton Spectroscopic Imaging

white mattep
pic images of
| image inten.
good B, (and
variation wag
1 humans, B,
n the anterigp !

susceptibility —
henoid sinus,

, field ma e
, b of Cho
1.12 and 0.61
Cr
shown in Iig,
mplitudes are
of the sample, Fronto-parietal Fronto-parietal
Gray Matter Gray Matter

scopic images
from selected

TTY Ty Y TTvoy LALALIRI LRSI WL A A A LA Nt S B )

] 020 10 PPM_ 4.0
- 3800

/,e; 350 @ 3. 3. (A) Spectroscopic images of Cho, Cr, and NAA in a 30-
1 300 g jear-old volunteer. Representative spectra from selected regions
1350 5 of interest in a 30-year-old subject (B) and in a 89 year oid (C). in
1 ees g particular, notice the increased Cho signals in the putamen of the
12758 3 glderly subject.
1 2508 S
{ 256 3 egions of interest in a young and an elderly volunteer,
1 2000 3 4 illustrates typical output resulting from the curve-
a0 § fitting routine.

e 1500 @ The results of the quantitative analysis are given in
Table 1 and illustrated graphically in Fig. 5. Fig. 6 shows
correlation plots for NAA and Cho as a function of age for
selected regions of interest, and the corresponding P

—— ] values are given in Table 2. P values for regional metab-
olite comparisons are given in Table 3.
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G. 4. (A) Representative proton spectrum from the centrum
miovale of one subject. (B) Output from frequency domain
rve-fitting routine, using Eq. (2). (C) Residual difference between
{A) and (B).
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Table 1
Concentrations of Cr, Cho, and NAA in the Normal Human Brain

Cho Cr NAA

1. Frontal WM 2607 95+34 122+30
2. Forceps minor 27+086 89x32 124x30
3. Centrum semiovale 20+x03 67+x14 113x17
4. Posterior WM 2104 75+20 11.2=x241
5. Forceps major 2405 79+25 13.0x27
6. Genu 32+10 58+31 13125
7. Splenium 23+07 63+26 123+18
8. Thalamus 25+08 79x25 108128
9. Putamen 24+07 98x+x37 112=22
10. Frontoparietal GM 1706 85x16 103=x20
“Whole brain average” 24:=04 79=13 118210

N = 16, mmol, mean -: SD.

DISCUSSION
Quantitation Methodology

The phantom replacement method does not require ei-
ther an internal or external standard but is sensitive to
changes in coil loading, receiver gain, and B, inhomoge-
neity effects. All of these factors may be accounted for,
however. Corrections for coil loading can be applied,
based on the 90° pulse power; in the phantom experi-
ments, it was found that a good inverse linear correlation
existed between the signal area and the correction factor
10%/2° (Fig. 2B). Measurements on phantoms indicated
that B, inhomogeneity accounted for less than a 4%
variation in SI across the typical volume of a human
brain, using the standard GE birdcage head coil, and this
factor can generally be ignored for routine studies. Re-
ceiver noise levels were found to be virtually constant
{<2%) over the range of loading conditions typically
encountered in the human head (approximately 2 dB of
maximum variation in transmitter gain for a 90° pulse)
and, therefore, it is possible to use the background spec-
tral noise level as an independent check of system sta-
bility from one scan to the next. Over the much wider
range of loading conditions used in the phantom exper-
iments, the receiver noise was found to decrease slightly
at higher ionic strengths (Fig. 2A), presumably because of
the decreased Q and suboptimal tuning of the RF coil
when it is loaded with the most lossy samples.
Inmasmuch as all human MR experiments were per-
formed at long-echo times (TF = 272 ms), the largest
source of systematic error in the measurements probably
arises from errors in the metabolite T, estimates. Errors
will also occur if pathological conditions alter metabolite
T, values, because it is usually impractical to measure
metabolite T,s within the time frame of a clinical study.
This source of error, however, has to be balanced against
the significantly worse water and lipid suppression, as
well as interfering resonances from macromolecules,
which occur at shorter echo times and which may make
definition and measurement of peak areas difficult. In
this regard, single-voxel localization methods offer some
advantages, because it is usually easier to get good qual-
ity short-echo time spectra from single voxels than from
spectroscopic images. Short-echo time spectra also ex-
hibit resomances from other compounds, such as glu-
tamine, glutamate and myo-inositol, which are not acces-
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Table 2 onances in the in vivo spectra match those of the Cr

Metabolite Variations as a Function of Age: Table of P Values
from Linear Regression Analysis

Cho Cr NAA
1. Frontal WM 0.0262 0.0239 0.5188
2. Forceps minor 0.4323 C.5762 0.4357
3. Centrum semiovale 0.0712 0.4496 0.3932
4. Posterior WM 0.7332 0.9001 0.2562
5. Forceps major 0.1439 0.0536 0.6589
6. Genu 0.0106 0.9992 0.9033
7. Splenium 0.1298 0.4267 0.5315
8. Thalamus 0.0167 0.6519 0.5659
9. Putamen 0.0124 0.8287 0.9410
10. Frontoparietal GM 0.3514 0.9024 0.2256

Note: Values P < 0.05 are printed in bokiface type.

sible from long-echo time measurements because of
J-modulation. Also, although commonly used voxel sizes
in single-voxel experiments are usually rather large (e.g.,
8 cm®), the edges of the voxel are often better defined, as
compared to the rather diffuse point-spread function as-
sociated with the spectroscopic imaging data sets.
Another source of error in the multislice data sets may
arise from truncation of the NMR signal, because only a
relatively short period of time (256 ms, in the current
experiments) is available for digitization of the echo.
This results in coarse digital resolution in the frequency
domain (4 Hz/point, if no zero filling were used). It is,
therefore, necessary to zero-fill the data sets several times
to ensure adequate digitization of the resonances after
Fourier transformation and also to convolute the model
lineshape function with the appropriate sinc response.
Finally, to avoid errors due te variable amount of trun-
cation, it is important to adjust the digital filter (expo-
nential multiplication) so that the linewidths of the res-

phantom used for the calibration study. PWh
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The whole brain metabolite concentration values arc in TH
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tabolite values, when one uses single-voxel localization
techniques. For instance, a review of 16 studies pub-
lished between 1988 and 1993 {1) found average metab-
alite values of 1.7, 7.7, and 11.1 pmol/g of wet weight for
Cho, Cr, and NAA, respectively, which is similar to the
average values of the current study. These numbers are
also in relatively close agreement with recent in vitro
metabolite concentration measurements in canine brain
(1), which showed that the in vivo Cho resonance pre-
dominantly consists of phosphochoeline (0.5 umol/g) and
glycerophosphocholine (GPC, 1.3 pmol/g), and the “Cr”
peak consists of Cr (5.9 umol/g) and phosphocreatine
(2.6 umol/g). A biochemical study of normal elderly hu-
man brains (obtained postmortem) also found similar
levels of “total” Cho, with less GPC (0.7 umol/g) and
more frec Cho (0.3 umol/g) than in canine brain (23).

Regional Variations

Although Cr was found to be constant across all locations
chosen for analysis, significant regional variations were
observed in both Cho and NAA resonances, In agreement
with others (20, 24, 25), we found a lower NAA signal in
cortical gray matter, as compared to that in most white
matter locations, corpus callosum, and basal ganglia. Cho
was also significantly lower in cortical gray matter than
in white matter. The reasons for these spatial variations
are not entirely clear. The reduction of Cho and NAA
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able 3
egional Metabolite Variations: Table of P Values

CSO 0.0229 0.0018
PWM 0.0354 0.0046
FMA 0.5427 0.2397 0.0347 0.0611
GEN 0.0813 0.1113 0.0004 0.0007
SPL 0.2947 0.1221 0.3481 0.3840
0.7171 0.4378 0.1009 0.1234
of NAA, Cr, ang PT 3.5398 0.2805 0.1315 0.1616
nction of spatiaf CGM 0.0024 0.0002 0.0778 0.1120

0.0171

0.56325 0.0t114

0.8830 0.0492 0.56228

0.9131 0.0264 0.6547 0.8272

0.0025 0.0001 0.0437 0.0114 0.0135
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inay in part be explained by increased CSF content of the
region of interest; as can be seen from Fig. 5B, there is a
sood correlation between Cho and NAA levels in the
different spatial locations. However, it should also be
noted that Cr levels did not follow the same pattern, with
no significant regional variations. Therefore, biochemical
“hanges must play a role, in addition to partial volume
effects. No attempl was made in this study to correct for
partial volume, and the concentration values listed here
are macroscopic millimolar (millimoles per liter of total
issue (parenchyma, CSF, and vascular space)). These
values may be divided by the tissue density to convert
the measurements to the more common biochemical
iinits micromoles per gram of wet weight. The calcula-
tion of true intracellular concentrations requires detailed
knowledge of the proportion of the intracellular space
within the region of interest and compartmentalization of
e metabolite distribution (5, 6), and it was not at-
tempted in the current study.

NAA is often postulated to be solely of neuronal and
axonal origin (26) and is known to be absent from mature
al cells (27, 28). Because neuronal density is higher in

55 all locations
rariations were
s. In agreemont
'NAA signal in
in most white
sal ganglia. Cho
ay matter than
atial variations
Cho and NAA

Note: Abbreviations as follows: FWM, frontal white matter; FM|, forceps minor; CS0, centrum semiovale; PWM, posterior white matter; FMA, forceps major;
GEN, genu of corpus callosum; SPL, splenium of corpus callosum; TH, thalamus; PT, putamen; CGM, cortical gray matter (frontoparietal). Values P < 0.05

gray matter than in white matter, the slightly higher NAA
concentration in white matter is paradoxical. One possi-
ble explanation of this finding is that the NAA T, is
longer in white matter than in gray, although there are
conflicting reports as to regional variations in metabolite
T,s in the literature (24, 29). Another possibility is that
the larger white matter signal is due to increased contri-
butions of N-acetyl-aspartyl-glutamate, which is present
in higher concentrations in white matter than in gray
matter (7, 30).

The reasons for the higher Cho concentration in white
matter is also unclear. Although myelin contains phos-
phatidylcholine at very high concentrations (20 mM
{31)), this compound is almost certainly not NMR visible
(particularly at long-echo times) because of its low mo-
bility. However, because the Cho resonance predomi-
nantly consists of phosphocholine and GPC (1), com-
pounds that are involved in membrane synthesis and
degradation, the higher Cho in white matter may reflect
the increased demand for myelin membrane synthesis in
white matter, as compared to that in gray matter.
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FIG. 6 Regression plots of (A) Cho (mM) and (B) NAA (mM) as a
function of age in selected regions of the brain. Cho was found to
significantly (P < 0.02) increase with age in the genu of the corpus
callosum, putamen, thalamus (not shown), and frontal white mat-
ter (not shown). No significant age-related changes were observed
in NAA, although some voxels did show a trend toward decreasing
NAA with increasing age.

Age Variations

Metabolite levels were also examined in each brain loca-
tion for age-related variations. No significant changes
were found in NAA or Cr as a function of age in the
current study population, with the exception of an in-
crease in Cr in frontal white matter (Table 2). However,
Cho was found to significantly increase with age in thal-
amus, putamen, genu of the corpus callosum, and frontal
white matter.

4 | A

Soher et al‘

Although it has been a generally accepted dogma that
neuronal density gradually decreases with age (32}, more
recently, this view has been challenged (33). Terry of qaf,
(33) found that although brain mass significantly de-
creased with age, total neocortical neuronal density dig
not change. Instead, there was a relative decline in large
neuron counts, which was offset by an increase in the
number of small neurons. There was also a significant
increase in glial cells. The current MR data is concordant
with the hypothesis that total neuronal density does not
change with age, inasmuch as no significant changes in
NAA were observed in any brain region. However, it has
also been pointed that there may be large interindividual
variations in neuronal density (34, 35), and that statisti-
cally significant results may only be obtained in large
study groups. Therefore, further studies, with a greater
number of elderly subjects, may vet reveal significant
changes in NAA levels in the aging brain.

The increase in the Cho signal, which was observed in
several different locations in both gray and white matter,
presumably reflects the increasing number of glial cells
(33) that are reported to have high Cho signals (27, 28). Tt
is particularly important to recognize this effect, because
elevated Cho is commonly observed in many pathologi-
cal conditions (36—40); in the absence of an age-matched
cantrol subject, high Cho signals in elderly individuals
could erroneocusly be considered to be abnormal.

In summary, the phantom replacement method is a
rapid and convenient means of quantitating multislice
spectroscopic imaging data sets. The method is robust,
with only small interindividual variations, and does not
require any additional scans to be performed. Provided
that care is taken to use the appropriate correction fac-
tors, accurate concentration values can be obtained,
which are in good agreement with previous values deter-
mined using single-voxel localization techniques.

ACKNOWLEDGMENTS

The spectroscopic imaging pulse sequence was devel-
oped at the NIH in vivo NMR Center in Bethesda, MD by
Dr. Chrit Moonen and his colleagues.

REFERENCES

1. P. Barker, S. Breiter, B. Soher, J. Chatham, J. Forder, M.
Samphilipo, C. Magee, J. Anderson, Quantitative proton
spectroscopy of canine brain: in vivo and in vitro correla
tions. Magn. Reson. Med. 32, 157-163 (1994).

. ]. Hennig, H. Pfister, T. Ernst, D. Ott, Direct absolute quark
tification of metabolites in the human brain with in v
localized protan spectroscopy. NMR Biomed. 5, 193-19
(1992).

3. P. B. Barker, B. J. Soher, S. J. Blackband, J. . Chatham, V. I
Mathews, R. N. Bryan, Quantitation of proton NMR spectt
of the buman brain using tissue water as an internal con
centration reference. NMR Biomed. 6, 89-94 (1993).

4. P. Christiansen. O. Henriksen, M. Stubgaard, P. Gideon, H
Larssomn, In vivo quantification of brain metabholites by 1H
MRS using water as an internal standard. Magn. Reson
Imaging 11, 107-118 (1993).

5. T. Ernst, R, Kreis, B. Ross, Absolute quantitation of wafé
and metabolites in the human brain. I. Compartments alt

o

W copyright law (Tiﬂg



Soher ot a],

ed dogma that
age (32), more
3). Terry et al.
mificantly de-
al density dig
ecline in large
ncrease in the
0 a significant
L is concordant
nsity does not
ant changes in
[owever, it has
nterindividual
d that statisti-
ained in large
with a greator
eal significant

as observed in
| white matter,
r of glial cells
wals (27, 28). 1t
sffect, because
any pathologi-
n age-matched
ly individuals
1ormal.
t method is a
ing multislice
hod is robust,
, and does not
ned. Provided
orrection fac-
be obtained,
s values deter-
niques.

e was devel-
hesda, MD by

, |. Forder, M.
titative proton
n vitro correla-
).

absolute quan-
in with in vivo
ed. 5, 193-199

Chatham, V. P.
n NMR spectra
n internal con-
1 (1993).

, P. Gideon, H.
abolites by 1H-

Magn. Reson.

tation of watsr
\partments and

antitative Proton Spectroscopic Imaging

water, J. Magn. Reson. B. 102, 1-8 (1993).

R. Kreis, T. Ernst, B. Ross, Absolute quantitation of water
and metabolites in the human brain. 1I. Metabolite concen-
trations. J. Magn. Reson. B. 102, 9--19 (1993).

T. Michaelis, K.-D. Merboldt, H. Bruhn, W. Hanicke, J.
Frahm, Absolute concentrations of metabolites in the adult
human brain in vivo: quantification of localized proton MR
spectra. Radiology 187, 219-227 (1993).

. 0. A, C. Petroff, D. D. Spencer, J. R. Alger, J. W. Prichard,

High-field proton magnetic resonance spectroscopy of hu-
man cerebrum obtained during surgery for epilepsy. Neurol-
ogy 39, 1197-1202 (1989).

. T. Brown, B. Kincaid, K. Ugurbil, NMR Chemical shift im-

aging in three dimensions. Proc. Nutl. Acad. Sci. (USA) 79,
3523-3526 (1982).

g. A. A. Maudsley, D. B. Twieg, M. D. Sappey, B. Hubesch, J.

W. Hugg, G. B. Matson, M. W. Weiner, Spin echo 31P
spectroscopic imaging in the human brain. Magn. Reson.
Med. 14, 415--422 (1990).

. J. Duyn, J. Gillen, G. Sobering, P. van Zijl, C. Moonen,

Multislice proton MR spectroscopic imaging of the brain.
Radiology 188, 277-282 (1993).

. D. M. Spielman, J. M. Pauly, A. Macovski, G. H. Glover, D.

R. Enzmann, Lipid-suppressed single- and multisection pro-
ton spectroscopic imaging of the human brain. J. Mogn.
Reson. Imaging 2, 253-262 (1992).

. J. R, Alger. S. C. Symko, A. Bizzi, S. Posse, D. J. DesPres, M.

R. Armstrong, Absolute quantitation of short TE brain
1H-MR spectra and spectroscopic imaging data. J. Comput.
Assist. Tomogr. 17, 191-199 (1993).

. C. Husted, J. Duijn, G. Matson, A. Maudsley, M. Weiner,

Molar quantitation of in vive proton metabolites in human
brain with 3D MR spectroscopic imaging. Magn. Reson.
Imaging 12, 661—-667, (1994).

C. T. Moonen, P. C. M. van Zijl, ]. Gillen, P. Daly, M. von
Kienlin, J. Wolf, J. Cohen, Comparison of single-shot local-
ization methods (STEAM and PRESS) for in vivo proton
NMR spectroscopy. NMR Biomed. 2, 201-208 (1989).

. P. 8. Tofts, S. Wray, A critical assessment of methods of

measuring absolute metabolite concentrations by NMR
spectroscopy. NMR Biomed. 1, 1-10 (1988).

. A. Haase, J. Frahm, W. I1anicke, D. Matthei "H NMR chem-

ical shift selective imaging. Phys. Med. Biol. 30, 341-344
{1983).

. C.T. W. Moonen, P. C. M. van Zijl, Highly effective water

suppression for in vivo proton NMR spectrascopy (DRYS-
TEAM). J. Magn. Reson. 88, 2841 (1990).

- D. Marion, M. Ikura, A. Bax, Improved solvent suppression

in one- and two-dimensional NMR spectra by convolution
of time-domain data. /. Magn. Reson. 84, 425--430 (1989},

. G. Tedeschi, A. Bertolino, A. Righini, G. Campbell, R. Ra-

man, J. H. Duyn, C. T. W. Moonen, J. H. Alger, G. Di Chiro,
Brain regional distribution pattern of metabolite signal in-
tensities in young adults by proton magnetic resonance
spectroscopic imaging. Nevurology 45, 1384—1391 (1995).

- W. H. Press, B. P. Flannery, S. A. Teukolsky, W, T. Vetter-

ling, Minimization or maximization of function, in “Numer-
ical Recipes in C: The Art of Scientific Computing,” pp.
280-352, Cambridge University Press, Cambridge, UK,
1988.

22. D. . Hoult, R. E. Richards, The signal-to-noise ratio of the

nuclear magnetic resonance experiment. J. Magn. Reson. 24,
71-85 (1976).

. R. M. Nitsch, J. K. Blusztajn, A. G. Pittas, B. E. Slack, J. H.

Growdon, R, J. Wurtman, Evidence for a membrane defect in
Alzheimer disease brain. Proc. Natl. Acad. Sci. (1ISA) 89,
1671-1675 (1992).

4. H. P. Hetherington, G. ¥. Mason, J. W. Pan, S. L. Ponder, J. T.

o
3]

28.

27,

28.

29.

307

31.

33.

34,

35.

36.

37.

38.

39.

40.

Vaughan, ). B. Tweig, G. M. Pohost, Evaluation of cerebral
gray and white matter metabolite differences by spectro-
scopic imaging at 4.1T. Magn. Reson. Med. 32, 565-571
(1994).

- G. Tedeschi, A. Righnin, A, Bizzi, A. 8. Barnett, J. R Alger,

Cerebral white matter in the centrum semiovale exhibits a
larger N-acetyl signal than does gray matter in long echo
time 1H-magnetic resonance spectroscopic imaging. Magn.
Reson, Med. 33, 127-133 (1995).

D. L. Bitken, W. H. Oldendorf, N-acetyl-L-aspartic acid: a
literature review of a compound prominent in "H-NMR
spectroscopic studies of brain, Neurosci. Biobehav. Rev. 13,
23-31 (1989).

S.S.Gill, R. K. Small, D. G. Thomas, P. Patel, R. Parteous, N.
van Bruggen, D. G. Gadian, R. A. Kauppinen, S, R, Williams,
Brain metabolites as 1TH NMR markers of neuronal and glialt
disorders, NMR Biomed. 2, 196200 {1989).

S.S.Gill, D. G. Thomas, B, N. Van, D. G. Gadian, C. ]. Peden,
J. D. Bell, 1. J. Cox, D. K. Menon, R. A. Hes, D. J. Brvant,
Proton MR spectroscopy of intracranial tumours: in vivo
and in vitro studies. J. Comput. Assist. Tomogr. 14, 497-504
(1930).

J. Frahm, H. Bruhn, M. L. Gyngell, K. D. Merboldt, W.
Hanicke, R. Sauter, Localized proton NMR spectroscopy in
different regions of the human brain in vivo., Relaxation
times and concentrations of cerebral metabolites. Magn. Re-
son. Med. 11, 47-63 (1989).

J. Frahm, T. Michaelis, K.-D. Merboldt, W. Hanicke, M. L.
Gyngell, H. Bruhn, On the N-acetyl methyl resonance in
localized "H NMR spectra of the human brain in vive. NMR
Biomed. 4, 201-204 (1991).

B. L. Miller, A review of chemical issues in " NMR spec-
troscopy: N-acetyl-L-aspartate, creatine and choline. NMR
Biomed. 4, 47-53 (1991).

. G. Henderson, B. E. Tomlinson, P. H. Gibson, Cell ceunts in

human cerebral cortex in normal adults throughout life us-
ing an image analysis computer. J. Neurol. Sci. 46, 113—136
(1980).

R. D. Terry, R, DeTeresa, L. A. Hansen, Neocortical cell
counts in normal human adult aging. Ann. Neurol. 21, 530
539 (1987).

R. D. Terry, Some biological aspects of the aging brain.
Mech. Ageing Dev. 14, 191-201 (1980).

R. Katzman, R. Terry, in “The Neurology of Aging” (F. Plum,
J. R. Baringer, 8. Gilman, Eds.), p. 249, F.A. Davis, Philadel-
phia, 1983.

P. B. Barker, R. R. Lee, J. C. McArthur, AIDS dementia
complex: evaluation with proton MR spectroscopic imag-
ing. Radiology 195, 5864 (1995).

P. B. Barker, J. H. Gillard, P. C. M. van Zijl, B. J. Soher, D. F.
Hanley, A. M. Agildere, S. M. Oppenheimer, R. N. Bryan,
Acute stroke: evaluation with serial proton MR spectro-
scopic imaging. Radiology 192, 723~732 (1994).

B. Kruse, P. B. Barker, P. C. M. van Zijl, J. H. Duyn, C. T. W.
Moonen, H. W. Moser, Multislice proton MR spectroscopic
imaging in X-linked adrenoleukodystrophy. Ann. Neurol.
36, 595608 (1994).

C. A. Davie, C. P. Hawkins, G. J. Barker, A. Brennan, P. S.
Tofts, D. H. Miller, W. 1. McDonald, Detection of myelin
breakdown products by proton magnetic resonance spec-
troscopy [letter]. Lancet 341, 630--631 (1993).

J. R. Alger, J. A. Frank, A. Bizzi, M. J. Fulham, B. X, DeSouza,
M. O. Guhaney, S. W. Inscoe, J. L. Black, P. C. M. van Zijl, C.
T. W. Moonen, G. Di Chiro, Metabolism of human gliomas:
assessment with H-1 MR spectroscopy and F-18 fluorode-
oxyglucose PET. Radiology 177, 633—641 (1990).




